Expression of many proteins associated with neurodegenerative disease results in the appearance of misfolded species that readily adopt alternate folded states. In vivo, these appear as punctated subcellular structures typically referred to as aggregates or inclusion bodies. While groupings of these distinct proteins into a common morphological class have been useful conceptually, there is some suggestion that aggregates are not homogeneous and can exhibit a range of biological properties. In this study, we use dynamic imaging analysis of living cells to compare the aggregation and growth properties of mutant huntingtin with polyglutamine expansions or mutant SOD1 (G85R, G93A) to examine the formation of aggregate structures and interactions with other cellular proteins. Using a dual-conditional expression system for sequential expression of fluorescent-tagged proteins, we show that mutant huntingtin forms multiple intracellular cytoplasmic and nuclear structures comprised of a dense core inaccessible to nascent polypeptides surrounded by a surface that stably sequesters certain transcription factors and interacts transiently with molecular chaperones. In contrast, mutant SOD1 (G85R, G93A) forms a distinct aggregate structure that is porous through which nascent proteins diffuse. These results reveal that protein aggregates do not correspond to a single common class of subcellular structures, and rather that there may be a wide range of aggregate structures, perhaps each corresponding to the specific disease-associated protein with distinct consequences on the biochemical state of the cell.
Accumulation of abnormal protein deposits as aggregates or inclusion bodies is a common cytological feature of a number of disease states as represented by clinically related neurodegenerative diseases. The mutant proteins that initiate protein aggregates in many of these diseases have been identified; A in Alzheimer's disease (AD), PrP in prion diseases, -synuclein in Parkinson's disease (PD), huntingtin in Huntington's disease (HD), tau in tauopathy, and SOD1 in familial amyotrophic lateral sclerosis (FALS) (1) (2) (3) . Although these proteins do not share distinctive common features in their respective primary sequences, they have all been shown to adopt alternate conformational states and form misfolded protein structures that appear visually as aggregates and inclusion bodies that correlate with disease pathology. There is increasing evidence to support a "toxic-gain-offunction" mechanism by which misfolded protein and aggregate structures lead to dominant pathological phenotype (2, 4) .
A molecular basis for proteotoxicity is the aberrant interactions between aggregation-prone proteins and other cellular proteins. This is in part supported by in vivo polyglutamine disease models in which aggregates have been shown to contain specific transcription factors, cytoskeletal, autophagy and degradative proteins, as well as molecular chaperones (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . The recruitment and sequestration of these cellular proteins has been proposed to lead to functional depletion as described for the transcription factors TATAbinding protein (TBP), CREB-binding protein (CBP), Specificity protein 1 (Sp1), and TBPassociated factor (TAFII130) (15) (16) (17) (18) (19) (20) . Sequestration of TBP and CBP is of particular interest as both proteins contain 37 or 18 glutamine repeats, respectively. Toxic sequestration models have also been suggested for FALS, AD, and Parkinson's diseases, although the basis for these heterologous molecular interactions is less well established (21) (22) (23) (24) (25) . Elucidating the molecular events that occur during a process of recruitment, therefore, becomes essential to understand the mechanisms underlying protein aggregate pathology.
Seeding, growth, and recruitment properties of protein aggregates have been investigated extensively in vitro using purified recombinant proteins and has led to an understanding of intrinsic self-assembly pathways (26) (27) (28) (29) . However, to what extent are these in vitro observations informative of the in vivo events associated with the appearance and formation of aggregates in the cell? A major distinction between aggregate formation in vitro and in vivo is the presence of a plethora of other proteins within the cell of diverse conformational states and sequence composition. Consequently, the properties of aggregates will be influenced by multiple factors such as intrinsic rate of selfassociation, small molecule ligands, posttranslational modifications, association with other cellular proteins that share related structural motifs, interactions with molecular chaperones, and association with degradation machinery (11, 15, 17, 18, 26, 28, (30) (31) (32) (33) (34) (35) (36) .
We have shown previously that heat shock protein 70 (Hsp70) associates transiently with the surface of polyglutamine aggregates and suggested that the activity of this chaperone reflects the presence of non-native substrates to which Hsp70 binds on the aggregate surface (14) . Recent in vitro studies show that the interaction of TBP with huntingtin is, indeed, prevented by Hsp70 (16) . This also suggests that protein aggregates in vivo may contain specific sites and surfaces to which nascent proteins become associated, whether transiently or irreversibly. Here, we show that the intracellular structures of mutant huntingtin aggregates consist of distinct layers with an inner dense core and a recruitment surface to which nascent proteins become associated in transfected cultured cells. As these layers are not exchangeable with each other, mutant huntingtin proteins in the core are completely separated from cellular proteins. In contrast, mutant SOD1 (G85R, G93A) forms porous structures into which nascent proteins can diffuse and associate. These results demonstrate, for the first time, in a comparative analysis that different disease-associated proteins form distinct classes of aggregate structures and consequently associate differentially with other cellular proteins.
MATERIALS AND METHODS
Constructs -The pEYFP-N1-TBP, and pEYFP-N1-HSP70 constructs were previously described (14) . pEYFP-C1-CBP was generated by subcloning BamHI digested CBP fragment from pRc/RSVmCBP-HA-RK (37) into the BglII site of pEYFP-C1. The pTRE-YFP or pTRE-CFP vectors were generated by PCR amplification of YFP from pEYFP-N1 or CFP from pECFP-N1 (Clontech, BD Biosciences, CA) using the forward primer 5'-TTTCAGCTGCAGGCTAGCGCTAGCAAGGGC G A G G -3 ' a n d r e v e r s e p r i m e r 5 ' -TTAGCTAGCACGCGTTTACTTGTACAGCTC G-3' and subcloning into the PvuII/MluI sites of pTRE2hyg (Clontech, BD Biosciences, CA). To construct pTRE-httQ78-YFP, pTRE-httQ78-CFP and pTRE-httQ23-YFP, the respective BamHI/SphI digested httQ150 or httQ23 fragments from pcDNA3-Q150 or pcDNA3-Q23 (gift from Dr. M. Macdonald, Harvard University, MA) were subcloned into the BamHI/PvuII sites of pTRE-YFP or pTRE-CFP vector. DNA sequence analysis revealed a deletion of the httQ150 construct from 150 CAG repeats to 78 repeats resulting in pTREhttQ78-YFP and pTRE-httQ78-CFP. pTRE-SOD1-wt-YFP, pTRE-SOD1-wt-CFP, pTRE-SOD1-G85R-YFP and pTRE-SOD1-G85R-CFP were generated by PCR amplification of wild type SOD1 and G85R mutant SOD1 from plQL01 or plQL03 (gift from Dr. Q. Liu, Harvard Medical School), respectively, using the forward primer, 5'-CTCCACCGCGGATCCATGGCGACGAAGGCC GTGTG-3' and reverse primer, 5'-TTTCAGCTGCAGTTGGGCGATCCCAATTAC AC-3', and inserting into B a mHI/PvuII sites of pTRE-YFP or pTRE-CFP. pTRE-SOD1-G93A-YFP and pTRE-SOD1-G93A-CFP were generated by PCR based site-directed mutagenesis using the f o r w a r d p r i m e r 5 ' -GTGACTGCTGACAAAGATGCTGTGGCCGAT GTGTCTATTG-3' and the reverse complement p r i m e r 5 ' -CAATAGACACATCGGCCACAGCATCTTTGT CAGCAGTCAC-3' to change glycine at amino acid residue 93 to alanine of pTRE-SOD1-wt-YFP or pTRE-SOD1-wt-CFP. The pLac/MCS vector was generated by introducing a multiple cloning site into the NotI site of pOPRSVCAT (Stratagene, CA) using the synthesized oligo-nucleotides, 5'-GGCCGGTACCAGATCTCATATGGATATCCT CGAGACGCGTTCTAGAGC-3' and 5'-GGCCGCTCTAGAACGCGTCTCGAGGATATC CATATGAGATCTGGTACC-3'. The pLachttQ78-YFP, pLac-httQ78-CFP, pLac-SOD1-G85R-YFP and pLac-SOD1-G93A-YFP were generated by insertion of BamHI/BglII digested httQ78-YFP, httQ78-CFP, SOD1-G85R-YFP or SOD1-G93A-YFP fragments from the respective pTRE-constructs into the B g l II site of pLacO/MCS. The BamHI fragment containing the lac operator-2 was subsequently removed from each construct as we observed an enhanced level of induction with this deletion. The pLac-TBP-YFP and pLac-Hsp70-YFP were generated by subcloning a B g l I I /NotI digested TBP-YFP fragment from pEYFP-N1-TBP or Hsp70-YFP fragment from pEYFP-N1-Hsp70 into the BglII/NotI sites of pLac/MCS. To construct pLac-CBP-YFP, pLac-EYFP-C1 was first generated by cloning the NheI/BclI digested YFP fragment from pEYFP-C1 (Clontech, BD Biosciences, CA) into blunt-ended HindIII/BglII sites of pLacO/MCS. The pLac-CBP-YFP was then constructed by subcloning BamHI digested CBP fragment from pRc/RSV-mCBP-HA-RK into the BglII site of pLac-EYFP-C1. All constructs were verified by sequencing. Cell culture and sequential expression by dualconditional protein expression (DCPE) systemHeTOFLI cells were generated by transfecting HeLa Tet-Off cells (Clontech, BD Biosciences, CA) with the pCMV-LacI-NLS construct (Stratagene, CA) using LipofectAmine-PLUS reagent (Invitrogen, CA) and selecting with 0.5 mg/ml hygromycin. The HeTOFLI cell line was maintained in DMEM supplemented with 10% fetal bovine serum, 100 units/ml penicillin, 0.1 mg/ml streptomycin, 0.2 mg/ml G418, and 0.5 mg/ml hygromycin at 37˚C in an atmosphere of 5% CO 2 /95% air. For co-localization studies, cells were grown in 2-well glass slide chambers (Lab-Tek, IL). For live cell analysis, cells were grown in 35 mm glass-bottom cell culture dishes (MatTek Corp., MA). Transient transfections were performed using LipofectAmine-PLUS reagent, as described in the protocol provided by the manufacturer. pTRE-and pLacO-constructs were co-transfected into HeTOFLI cells at ratios of 2:3. pTRE-and pEYFP-constructs were co-transfected into HeTOFLI cells at ratio of 2:1. For sequential expression, the transfected HeTOFLI cells were incubated for 24 hours in the absence of doxycycline, then the protein expression from the TRE promoter was down-regulated by adding 1 g/ml doxycycline (Dox) and expression from Lac promoter was simultaneously induced by adding 30 mM isopropyl--D-thiogalactopyranoside (IPTG). Samples were analyzed 12 hours after the IPTG induction.
Visualization of YFP and CFP tagged protein and
Live-cell imaging -Transfected HeTOFLI cells were fixed in 4% formaldehyde in 1X PBS for 10 minutes, quenched in 0.1 M Tris-HCl, pH8.0 for 5 minutes, washed in 1X PBS at room temperature, and mounted in Vectashield anti-fading solution (Vector Laboratories, Inc., CA). Fixed samples were examined using a Leica TCS SP2/Leica DM-IRE2 inverted confocal microscope equipped with 63X oil objective lens (Leica Microsystems Inc., IL). For live cell imaging, cells were maintained at 37˚C for the duration of the experiment. FRAP analysis was performed on Zeiss LSM510 Axiovert confocal microscope (Carl Zeiss MicroImaging Inc., NY) as described previously with the following modifications: an area of 12.5 m 2 was photobleached for 3 seconds (20 iterations) with 514 nm laser wavelength at 100% laser power and single scan images were collected before and every 3 seconds after photobleaching at 5x zoom power (14) . FLIP analysis was performed using a Leica TCS SP2/Leica DM-IRE2 inverted confocal microscope equipped with 63X oil and images were taken at 4x zoom before photobleaching and every 30 seconds while photobleaching 8.4 m 2 region continuously with 514 nm laser wavelength at 100% laser power. Average fluorescence intensity of the aggregates in FRAP and FLIP analysis was determined using Metamorph software (Universal Imaging Corp., PA). Relative fluorescence intensity (RFI) for FRAP and FLIP was determined using the equation: RFI = ((Ne t / N1 t )/(Ne 0 / N1 0 ))x100 where Ne t is the average intensity of an aggregate at a given time point and N1 t is the average intensity of non-photobleached area of the aggregate at the corresponding time points as a control for general photobleaching (14, 38) . Ne 0 and N1 0 is the average intensity before photobleaching of the bleached or non-bleached area, respectively. RFI values are the average of at least three data points. All images were processed (14, 39) . The FRET ratio image was then generated by calculating the ratio between FRET C and CFP images, ranging from 0 to 3.
RESULTS

Detection of "ring" structures formed by coexpression of TBP, CBP, and Hsp70 with httQ78.
To monitor the properties of huntingtin aggregates and their growth in vivo, we expressed the aminoterminal fragment of huntingtin shown to be associated with the appearance of aggregates and inclusions in Huntington's disease (40, 41) . These huntingtin constructs containing 78 glutamine repeats and tagged with either YFP or CFP (httQ78-YFP, httQ78-CFP) or 23 glutamine repeats (httQ23-YFP) were used to examine interactions with the polyglutamine aggregate associated proteins, TBP (TBP-YFP), CBP (YFP-CBP) and Hsp70 (Hsp70-YFP). These chimera proteins are functional as previously described (14, (42) (43) (44) (45) . Co-expression of httQ78-YFP and httQ78-CFP resulted in the appearance of aggregates with both proteins uniformly distributed throughout (Fig. 1A) , whereas HttQ23-YFP and Hsp70-YFP were diffuse in the cytosol and TBP-YFP and YFP-CBP were localized to the nucleus ( Fig. 1F-I ).
The subcellular distribution of httQ23-YFP, TBP-YFP, YFP-CBP, and Hsp70-YFP are all strikingly altered, however, when co-expressed with httQ78-CFP. For TBP, CBP, and Hsp70, their sub-cellular localization is visualized by confocal microscopy in nearly all cells (81, 100, and 94% respectively for TBP, CBP, and Hsp70) as a "ring" surrounding a core structure comprised of the huntingtin aggregate (Fig. 1C-E) . Co-localization of these transcription factors is not due to the presence of YFP as YFP alone does not associate with the huntingtin aggregate but rather is excluded from the aggregates (Supplementary Fig.  S1A ). Moreover endogenous TBP ( Supplementary  Fig. S1B ) and CBP (18) also co-localize with the "ring" structure of huntingtin aggregates demonstrating that recruitment of the transcription factors is due to the intrinsic properties of these transcription factors rather than a consequence of chimeras with YFP or CFP. In contrast, httQ23-YFP co-associated with httQ78-CFP only in the core and did not form ring structures similar to the pattern of co-localization observed for httQ78 selfassociation (Fig. 1B) . Taken together, these results suggest that the structure of the aggregate core is comprised preferentially of huntingtin protein with polyglutamine expansions. TBP and CBP appear to be excluded from this core despite both transcription factors containing polyglutamine expansions. This suggests that the process in which cellular proteins are recruited to a polyglutamine aggregate must be influenced strongly by other properties of cellular proteins, such as the sequences adjacent to the polyglutamine expansion or other structural features.
Establishing a dual-conditional system for the sequential expression of proteins recruited to the surface of huntingtin aggregates. To test directly whether huntingtin aggregates have localized surfaces for recruitment of nascent proteins, it was necessary to establish a dualconditional protein expression (DCPE) system to allow for the sequential expression of CFP-or YFP-tagged proteins. The DCPE system employed the Tet-off and Lac regulatory systems in which tTA and LacO-NLS stably expressing HeLa cells (HeTOFLI) was used to express two different genes under the control of the tetracycline response element (TRE) or RSV-LacO (Lac) promoters ( Supplementary Fig. S2 ). With this system, we reasoned that it would then be possible to address whether proteins either co-expressed or sequentially-expressed formed homogenous or heterogeneous aggregate structures. The initial expression of httQ78 would allow formation of a visual seeding structure and the subsequent expression of an aggregate-associated protein would allow us to address the process of protein recruitment.
In vivo sequential imaging analysis was performed on cells co-transfected with pTREhttQ78-CFP and either pLac-TBP-YFP, pLac-YFP-CBP, or pLac-Hsp70-YFP. HttQ78-CFP was expressed for 24 hours, after which its expression was repressed and the expression of TBP-YFP, YFP-CBP, or Hsp70-YFP was subsequently induced. Newly synthesized TBP-YFP and YFP-CBP were recruited efficiently to the exterior surface of nuclear aggregates and detected as YFP "ring" structures surrounding a CFP huntingtin core ( Fig. 2A-C) . The appearance of TBP-YFP "ring" structures was less frequently detected in cytoplasmic or perinuclear aggregates than in nuclear aggregates (Fig 2B) , consistent with the expectation that interactions between huntingtin aggregates and transcription factors is a more frequent event in the nuclear compartment. In contrast, Hsp70-YFP was detected on the surface of both nuclear and cytoplasmic aggregates ( Fig  2D) . These results demonstrate that the "ring" structures observed in cells expressing polyQcontaining proteins is, indeed, due to recruitment of cellular proteins to the exterior surface of the aggregate and moreover that the huntingtin aggregate continues to recruit other cellular protein even when expression of huntingtin is repressed.
To address whether the recruitment surface to which heterologous proteins associates also corresponds to sites of interaction with nascent huntingtin, we performed sequential expression studies in which httQ23-YFP or htt78-YFP was subsequently expressed after httQ78-CFP seeds were pre-formed. In contrast to the homogenous distribution of huntingtin in aggregates during coexpression, we observed that the sequential expression of huntingtin leads to formation of "ring" structures in 50% of the aggregates (Fig.  2E-F) . These "ring" structures were observed in both the cytoplasm and nucleus; moreover, fluorescent rings were observed regardless of the order of expression of the YFP or CFP-tagged httQ78 proteins (Fig. 2F) . These results show that pre-formed huntingtin aggregates have an exterior surface that can associate with nascent mutant or wild type huntingtin and other heterologous polyglutamine containing proteins. Furthermore, the appearance of huntingtin-containing "ring" structures suggests that the huntingtin protein in the core structure does not exchange freely with proteins at the surface.
Polyglutamine containing transcription factors are associated irreversibly at the surface of huntingtin aggregates. Our observations reveal that huntingtin aggregates contain specific sites on the exterior surface to which nascent polypeptides are recruited. As this surface also corresponds to the interface between the aggregate with its surroundings, it may be that proteins bound to the surface of the aggregate are in dynamic exchange. To address whether the recruiting surface of huntingtin corresponds to a site of transient or stable interaction with cellular proteins with distinctive dynamic properties compared to its dense core, we employed dynamic imaging methods of fluorescent recovery after photobleaching (FRAP) and fluorescence loss in photobleaching (FLIP) (14, 38) . The fluorescence of YFP alone recovered immediately as expected for a soluble cytoplasmic protein and likewise the fluorescence of diffuse httQ78-YFP in cells without visible aggregates also recovered rapidly (Fig. 3A, D , and data not shown). In contrast, no recovery was detected for httQ78-YFP in neither the "ring" structure nor the core (Fig. 3B, D) . We next examined the dynamic properties of TBP-YFP association with htt-78-CFP and observed that the TBP-YFP fluorescent signal associated with the surface of httQ78-CFP aggregate also did not recover following photobleaching (Fig. 3C,  D) . These results suggest an infrequent exchange between the proteins bound to the surface of huntingtin aggregates and the surrounding environment or between the surface and the core of the aggregate.
To demonstrate directly that the recruiting surface sequesters the associated proteins, we performed FLIP analysis of the httQ78-YFP ring. The fluorescence intensity of httQ78-YFP at the "ring" structure was monitored, as an area adjacent to the aggregate was photobleached. Using this method, dissociation of protein from the aggregate would result in decreased fluorescence intensity of the "ring" structure over time. Rather, we observed that the httQ78-YFP fluorescence signal persisted throughout the period of photobleaching consistent with a conclusion that httQ78-YFP is stably bound. In contrast, the fluorescence of YFP alone diminished rapidly consistent with our expectation that YFP is a soluble protein that does not interact with the aggregate (Fig. 3E-G) . Taken together, the FRAP and FLIP results reveal that proteins recruited to the exterior surface of huntingtin aggregates are stably and irreversibly associated.
Mutant SOD1 (G85R, G93A) forms porous aggregate structures. We next examined whether the organization and structural properties of the recruitment surface in polyglutamine-expansion huntingtin aggregates are typical of other aggregation-prone mutant proteins such as mutant SOD1 aggregates (SOD1-G85R-Y/CFP and SOD1-G93A-Y/CFP) associated with familial ALS (21, 22, 46) . Whereas wild type SOD1 fused to YFP (SOD1-wt-YFP) is diffuse throughout the cell (similar to YFP alone; Fig. 4A ), expression of either mutant SOD1-G85R-YFP or SOD1-G93A-YFP results in the appearance of large perinuclear cytoplasmic aggregates or inclusions ( Fig. 4B-E) . To monitor interactions of mutant SOD1 aggregates with other cellular proteins, we focused on Hsp70, as neither TBP nor CBP co-localize with SOD1 aggregates (data not shown). Sequential expression of SOD1-G85R-CFP or SOD1-G93A-CFP followed by Hsp70-YFP showed co-localization of Hsp70 in a diffuse pattern throughout the entire region bounded by the SOD1 aggregate (Fig. 4B-C) . Likewise, sequential expression of SOD1-G85R-CFP and SOD1-G85R-YFP (or SOD1-G93A-CFP and SOD1-G93A-YFP) exhibited similar diffuse pattern of co-localization suggesting that mutant SOD1 also self-associates throughout the aggregate (Fig. 4D-E) . We have previously observed that aggregates formed by expression of mutant SOD1 are partially mobile (47) . Taken together, these results suggest that mutant SOD1 forms porous structures in vivo with diffuse sites distributed throughout the aggregate to which other cellular proteins can associate.
Huntingtin and SOD1 aggregates form distinct intracellular structures. We next examined whether a basis for differences in the structure of mutant huntingtin and SOD1 aggregates can be discerned using fluorescence resonance energy transfer (FRET) analysis. We reasoned that detection of a FRET signal would indicate molecular interactions between associated molecules perhaps indicative of either ordered or organized structures. As expected, no FRET signal was detected in cells co-expressing soluble diffused httQ78-YFP and httQ78-CFP, httQ23-YFP and httQ23-CFP, or YFP and CFP (Fig. 5A and data not shown). However, aggregate structures in cells co-expressing httQ78-YFP and httQ78-CFP (Fig. 5B) or httQ23-YFP with httQ78-CFP showed intense FRET signals in both the core and at the surface (Supplementary Fig.  S3A ). In contrast, no significant FRET signal was detected in aggregates containing huntingtin and associated cellular proteins, TBP, CBP, or Hsp70 ( Supplementary Fig. S3B-D) . These results reveal that the protein-protein interactions that define the huntingtin core differ substantially from the interactions at the surface of the aggregate with other cellular proteins.
Similar FRET experiments were performed with cells expressing wild-type SOD1 or mutant SOD1-G85R and SOD1-G93A aggregates. However, in no case did we detect any FRET signal either between mutant SOD1 molecules ( Fig. 5C-E) . Therefore, in contrast to huntingtin, mutant SOD1 proteins do not form close molecular interactions in the aggregate, although the lack of a FRET signal in mutant SOD1 aggregates may also be due to the position of the fluorophores. Nevertheless, these results demonstrate that the intrinsic properties of mutant SOD1 are distinct from that observed for huntingtin aggregates.
DISCUSSION
Our in vivo studies on the molecular organization of an amino-terminal mutant huntingtin or mutant SOD1 expressed in human cells show striking differences in the organization and recruitment properties of the respective aggregate structures. We show that expression of huntingtin with expanded polyglutamine results in the appearance of structures with a dense core surrounded by interactive surfaces to which other glutamine-repeat containing cellular proteins are recruited stably. We describe three distinctive properties of the huntingtin core; 1) the preferential association between huntingtin molecules, consistent with an intense FRET signal, suggests that the core is a densely packed structure, 2) the core is inaccessible to other soluble cellular proteins, and 3) the exterior of the core is a recruitment surface for interaction with other soluble proteins. The dense core could be formed by the collapse of soluble huntingtin into oligomers that self-associate to form structures to which other huntingtin monomers or oligomers are further recruited to form even larger aggregate structures (26, 48, 49) . We show that the recruitment surface serves for both self-association with nascent huntingtin molecules and association with other cellular polyglutamine-containing proteins. However, because the interactions between huntingtin proteins and other cellular proteins at the recruitment surface do not exhibit any FRET signal, this suggests that sequestered proteins at the recruitment surface are not organized in the same manner as within the core. Further growth of the aggregate occurs by a combination of interactions of huntingtin selfassociation with the core and huntingtin association with other cellular proteins. Our living cell imaging studies of aggregates offers an understanding for electron micrographic observations of cells with huntingtin aggregates that have described a dense protein core and a less defined amorphous ring-like shell (50, 51) . A number of cell biological studies using immunofluorescence have also indicated that huntingtin aggregates in fixed cells are inaccessible to antibodies and that only proteins at the surface are accessible (14, 18, (51) (52) (53) (54) . Our results showing that the core is inaccessible are also consistent with these observations and provide a basis to understand this phenomena.
In contrast to the ordered huntingtin aggregate structures described here, mutant SOD1 aggregates share none of these characteristics and instead form a diffuse porous structure. The dynamic features of mutant SOD1 allows for the rapid movement of both SOD1 and other cellular proteins through the porous aggregate (47) . Unlike huntingtin, SOD1 does not exhibit any FRET signal in vivo (Fig 5D-E) , interact with Congo red or form highly organized fibrils in vitro (55-57). Based on a direct comparison of mutant huntingtin and SOD1 proteins, the structures formed by these proteins are different in all biochemical and biophysical properties. We suggest that these distinct biochemical properties may affect the in vivo toxicity of mutant huntingtin or SOD1. Huntingtin aggregates contain a single exterior surface surrounding the core to which other cellular proteins can associate whereas mutant SOD1 aggregates contain sites throughout the aggregate to which other cellular proteins can associate. For aggregates containing mutant SOD1, this could result in more aberrant interaction and sequestration of cellular proteins. Even amongst different proteins with polyglutamine expansions, divergent aggregate dynamics have been observed. Ataxin-1, for example, exhibits relatively fast mobility where as Ataxin-3 and huntingtin are immobile (52,58). These observations suggest that the sequences flanking the polyglutamine motif could have a critical role in influencing aggregate structure.
The appearance of aggregates in vivo reflects the dynamics of misfolded proteins on protein homeostasis. Whether induced by environmental stress or mutations as occurs with huntingtin and SOD1, the appearance of misfolded proteins is suppressed under steady-state conditions via active refolding and degradation (11, 36) . At some point, however, when the cellular milieu is challenged either by an imbalance of a particular folded intermediate or by a dysregulation of components required for protein homeostasis, mutant huntingtin and SOD1 proteins escape the protein misfolding quality control checkpoints and accumulate as aggregating species. In cells that constitutively express the misfolded protein, these aggregate structures grow and persist. The aggregation process, however, is reversible as demonstrated by the apparent disappearance of aggregates following down-regulation of huntingtin expression in mice and cell culture; these results suggest that aggregates can be dissociated, degraded, or otherwise disposed (59,60). Our demonstration that huntingtin aggregates have an exterior surface to which nascent proteins are recruited to support growth suggests that the maintenance of aggregates reflects equilibrium of constant addition and removal at this surface. Under conditions that promote disaggregation, we propose that this recruiting surface likely corresponds to sites where molecular chaperones and perhaps other protein remodeling activities have an active role to dissociate or limit aggregate growth.
The identification of an exterior surface on huntingtin aggregates for recruitment of cellular proteins also suggests a mechanism by which aggregate structures can be cleared from the cell. If the rates of disaggregation and de novo recruitment are in equilibrium, we would expect that the phenotypes of aggregate structures would persist. However, changes in the activities or levels of molecular chaperones or degradative machineries, could shift this equilibrium and influence whether aggregates are dynamic or inert structures. While our studies offer a more exact understanding of the in vivo events that occur when huntingtin or mutant SOD1 is expressed, similar studies on other aggregation-prone proteins will provide critical information on the diversity and perhaps complexity of these subcellular protein structures.
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Rakhit, R., Cunningham, P., Furtos-Matei, A., Dahan, S., Qi, X. Western blot analysis of httQ78-CFP and httQ23-YFP protein levels during the sequential expression. HeTOFLI cells were co-transfected with pTRE-httQ78-CFP and pLac-httQ23-YFP and the sequential expression was carried out as indicated. Samples were collected at the indicated time points and the YFP and CFP-fused huntingtin proteins and g-tubulin were detected using anti-GFP or anti-g-tubulin antibody, respectively. In the initial 24 hours, only httQ78-CFP expressed from the TRE promoter is detected. Using the Lac promoter and IPTG, we have detected up to a ten-fold increase in expression, for example of httQ23-YFP after 12 hours of induction. (C) Analysis of httQ78-CFP mRNA levels during sequential expression. HeTOFLI cells were co-transfected with pTRE-httQ78-CFP and pLac-httQ78-YFP and was subjected to the same sequential expression as above. Total RNA was prepared at the indicated time points and the expression of httQ78-CFP mRNA and b-actin mRNA was detected by RT-PCR. The half-life of httQ78-CFP mRNA was determined to be 3 hours. 
METHODS FOR SUPPLEMENTARY FIGURES
Western Blotting Transfected cells were collected at the indicated time points and suspended in SDS sample buffer, boiled for 5 minutes and loaded on a 12.5% SDS-PAGE. YFP and CFP-tagged proteins were detected using IRDye 800-fused anti-GFP antibody (600-132-215, Rockland, PA, 1:5,000) and g-tubulin was detected using anti-g-tubulin antibody (GTU-88, Sigma, MO, 1:5,000) followed by anti-mouse Alexa Fluor 680 conjugated secondary antibody (A-21057, Molecular Probes Inc., RO, 1:5,000). The western blot was analyzed using Odyssey infrared imaging system (LI-COR Bioscience, NE). Figure S3 
RT-PCR
